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ABSTRACT 

The design of the model pore e lec t rode  has  been s u b s t a n t i a l l y  

Bundles of seven and nineteen w i r e s  are t i g h t l y  enclosed changed. 

i n  channels of hexagonal c ross  section. Three e lec t rodes  of l a r g e r  

pore s izes  have been constructed,  and have been subjected t o  

oxidation-reduction cycling a t  constant current.  Cha rac t e r i s t i c  

f ea tu re s  of p o t e n t i a l  response are discussed. Charge acceptance 

w a s  found t o  be a function not only of sur face  area and cu r ren t ,  

but a l s o  of pore size.  

from changes i n  the  e l e c t r i c a l  r e s i s t ance  i n  the  pore o r  from 

changes i n  the  e l e c t r o l y t e  flow rate has  not ye t  been determined. 

Surface c h a r a c t e r i s t i c s  of the  e lec t rode  a r e  described. 

Whether the  e f f e c t  of the  pore s ize  r e s u l t s  

When s i l v e r  w i r e  e lec t rodes  w e r e  subjected t o  fixed cont ro l led  

p o t e n t i a l s ,  very rap id  increases  i n  cur ren t  dens i ty  were observed 

with an oscil loscope. 

millisecond. The cur ren t  d e n s i t i e s  decreased t o  about ha l f  of 

t h e  peak values wi th in  2.0 milliseconds. 

during the r i s e  of cu r ren t  dens i ty  t o  t h i s  peak value w a s  

approximately the  same as tha t  required t o  charge the  double 

layer.5 

may be due p r inc ipa l ly  t o  the charging of t he  double layer  wi th  

alniost no cont r ibu t ion  coming from a fa rada ic  cur ren t .  

Peak values were reached wi th in  0.25 

The charge accepted 

Therefore, the i n i t i a l  peak values of cur ren t  dens i ty  
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SECTION I 

OXIDATION OF MODEL PORE ELECTRODES 

Introduction 

Previous work on model pore e lec t rodes  of th ree  s i z e s  has 

shown: (1) t h a t  the  ex ten t  of pene t ra t ion  i n t o  the  pores by both 

silver (I) and silver (IT.) oxides decreases as t h e  pore s ize  

decreases;  and (2) t h a t  both oxide f i lms  penet ra te  the pore t o  

a lesser ex ten t  as the  flow rate of t he  e l e c t r o l y t e  through the  

1 e lec t rode  is increased. 

I n  an e f f o r t  t o  improve and expand our da t a  we have s i g n i f i c a n t l y  

changed the  design of the  holder t o  obta in  the  c l o s e s t  poss ib le  

packing of the wires. 

e l ec t rodes  of th ree  l a r g e r  pore sizes. 

In  addi t ion ,  we have added t o  our inventory 

Experimental 

In  the  last quar te r ly  r epor t ,  the  e lec t rode  then i n  use was 

i l l u s t r a t e d  i n  Figure 1 0 . l  

i f i e d  c a p i l l a r y  tube. The c y l i n d r i c a l  shape of the  holder 

successfu l ly  e f f ec t ed  a symmetric arrangement of the  wires; and t h i s  

yielded pores d-: uniform s i z e .  However, d i f f i c u l t i e s  were encountered 

with e l ec t rodes  composed of l a rge  numbers of small diameter wires. 

As can be seen i n  Figure 2a, the  c ross -sec t ion  of seven wires forms 

a hexagon t h a t  f i t s  t i  circle w e l l .  

t o  nineteen wires, another hexagon is obtained which has  one 

wire on each s ide  t h a t  does not touch the  c l r c l e .  Therefore, t he  

f i t  is poor and the re  are six l a rge  spaces t h a t  t he  wires could 

The holder f o r  the  wires was a mod- 

When t h e  e l ec t rode  is expanded 
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0 leave t h e i r  hexagonal ar&gement tct " . f i l l .  . -In..pm&&ce- €hiti :is 

what occurs, and it i s  accompanied by the  l o s s  of uniform pore 

s i z e .  It w a s  observed tha t  the  most e f f i c i e n t  arrangement of 

w i r e s  was  hexagonal c lose  pack, so we constructed a holder with 

a hexagonal hole.  It is  i l l u s t r a t e d  i n  Figure 1. 

The hole (A) i s  made.by mi l l i ng  each h a l f  of the  1/8" 

p l ex ig l a s s  w i th  a shaped d r i l l .  

obtained. 

s i l i c o n e  rubber sealer (Dow-Corning Corporation). The halves are 

then clamped together with four  screws (C). Screw holes (D)  

are d r i l l e d  and tapped i n  the  top of t he  body t o  permit t he  

attachment of the  s t e m .  Another s i l i c o n e  rubber gasket (E)  i s  

formed a t  the  bottom of the  s t e m .  

(F) is  inser ted  i n  a hole on the  upper por t ion  of the  s t e m .  It 

serves as an i n l e t  f o r  the  e l e c t r o l y t e .  

tubing (G) is used to  j o i n  a 12 cm por t ion  of 7 mm pyrex g l a s s  

tubing (H) t o  t he  stem. The bundle of wires enclosed i n  the  

holder have been fused ( I )  t o  a lead  w i r e  (J) t h a t  passes through 

a septum cap (K) .  

Tolerances of f 1.Q m i l  are 

A gasket i s  formed on both s ides  of t he  groove using 

A sho r t  length of g l a s s  tubing 

A sho r t  length of tygon 

Af ter  t he  e lec t rode  has been assembled, small por t ions  of 

t h e  s i l i c o n e  rubber are applied to :  (1) the  j o i n t  between the  

tygon tubing (G) and the  s t e m ;  (2)  t he  j o i n t  between the  g l a s s  

tubing (F) and the  s t e m ;  and (3) t h e  j o i n t  between the  s t e m  and 

the  body. 

t r o l y t e  leaks.  This th ree-par t  design (two body halves and 

s t e m )  was  employed because of the  d i f f i c u l t i e s  encountered i n  

These were applied as f u r t h e r  insurance aga ins t  elec- 
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B A B  

Fig. 1. -- Model pore electrode. 
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machining a hexagonal hole when the  s t e m  and body are one s o l i d  

piece.  

the  p lex ig lass  con t r ac t s  irreproducibly a f t e r  the  rod is removed. 

Experiments with heated hex rod proved f r u i t l e s s  because 

The piece of g l a s s  tubing has been included t o  handle the  

increased length of t he  bundle of w i r e s .  

f o r  two reasons: 

back up the  lead wire)  t o  push the  lower, oxidized portion of the 

wires out  of t he  hole  f o r  microscopic examination; and (2)  t o  

avoid wasting the  por t ion  of the w i r e s  which res ided  i n  the  s t e m  

and was  unoxidized, bu t  had t o  be discarded with the  rest of the  

e lec t rode  when it required replacement. 

The length w a s  increased 

(1) t o  make it poss ib le  (having s l i d  the  g l a s s  

The unfused t i p s  of t he  wires were masked by pressing them 

aga ins t  a t h i n  l aye r  of p a r t i a l l y  cured epoxy cement. 

twenty minutes, the wires w e r e  ind iv idua l ly  stroked t o  insure 

t h a t  no cement extended beyond the  edge of the  t i p .  

wires were inser ted  i n t o  the  holder ,  they were cleaned with a 

c leanser  s l u r r y  and thoroughly r in sed .  

After 

Before the  

Electrodes of l a r g e r  pore s izes  have been fabr ica ted  using 

25 m i l ,  40 m i l ,  and 51 m i l  diameter wires. Table I compare8 

several dimensions of these e lec t rodes .  As indicated i n  the  t ab le ,  

t he  hexagonal packing of wires crea ted  th ree  types of pores. 

Figure 2 i l l u s t r a t e s  t he  geometry of these pores, the  equations 

used i n  ca l cu la t ing  t h e i r  surface area cont r ibu t ions ,  and t h e  

geometry of hexagonal c lose  packing i n  e l ec t rodes  of two d i f f e r e n t  

siaes. 
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TABLE I 

Dimensions of Three Model Pore Electrodes 

ELECTRODE A B C 

Length of side (mm) 2.04 1.60 1.63 

Wires Number 7 7 19 
Size (mil) 51 40 25 
Radius (mm) 0.65 0.51 0.32 

Number of Pores 5 P e  1 6 6 12 
5 P e  2 6 6 24 
5 P e  3 6 6 6 

Cross Electrode 10.8 6.65 6.90 

Area (mm ) Pore 1.5 0.93 0.95 
Sect ionat Wire 9:3 5: 72 5: 95 

Surface Area Wire 28.6 22.4 37.6 

the pore 
per mm into Pore 40.8 32.0 47.5 



= 2.598 I? *hex 

(a) 

6 

2 =0.429r 

2 = %(2r)(2rsin 60') - %nr 
A pore 

=O. 161r 2 

- 2 L -  I.. 
=J3 r2 - 6 r2 pore A 

=O. 053r2 

Fig. 2. -- Geometry of t he  model pores. 
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The following experimental procedure was  used. A 0.1 F KOH 

so lu t ion  war  forced, by gravi ty  flow, t o  pass  i n t o  the arm (F) of t he  

stem. through the holder ,  and i n t o  the r e se rvo i r  containing a c y l i n d r i c a l  

platinum counter e lec t rode .  

type. 

The e lec t rode  was  cycled through oxidat ion and reduct ion while it was  

i n  the holder.  

The reference e lec t rode  was a calomel 

The flow was  kept constant during both oxidat ion aqd reduct ion.  

RESULTS DISCUSSION 

The da ta  obtained t o  da t e  are preliminary but  encouraging. Repre- 

s en ta t ive  oxidat ion curves a r e  i l l u s t r a t e d  i n  Figure 3. Approximately 

5% of the  curves had the  shape of 3a, 65% had the  shape of 3b, and 30% 

had the  shape of 3c. Three poin ts  on curve 3b have been labeled.  They 

are the  poin ts  of s i g n i f i c a n t  changes of slope i n  the oxidat ion curve 

and have been determined f o r  each curve wherever possible .  

example, i s  the  only point  marked on curve 3a, and the  only point  

P3, f o r  

absent from curve 3c. It is  a t  t h i s  point  i n  the  oxidation t h a t  

oxygen evolut ion is  noted. The geom'etric method used t o  determine 

these po in t s  is i l l u s t r a t e d  i n  Figure 4. 

Table I1 contains  the p o t e n t i a l s  obtained during the  oxidat ion 

of the  three  e lec t rodes  described i n  Table I. The reproducib i l i ty  

i s  good and the  increase of p o t e n t i a l  with increasing applied cur ren t  

is  a s  would be expected from overvoltagezconsiderations. The elec- 

t rodes are l i s t e d  i n  order  of increasing sur face  area per  m i l l -  

imeter i n t o  the  pore. Data are absent €or e lec t rode  B a t  1600 pA 
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F2g. 3. -- Representative oxidation ccrves. 
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and 2000 pA, and f o r  e lec t rode  C a t  2000 pA because a t  these cur ren ts  

the po ten t i a l  rose  very quickly t o  t h a t  of oxygen evolution 

with no sharp changes of slope.  

t o  the  e lec t rode  i n  the  f i r s t  few seconds of oxidation i n  such 

sige and quant i ty  t h a t  they e f f e c t i v e l y  shielded port ions of the 

e lec t rode  from the counter e lec t rode .  

Bubbles appeared a t  the  opening 

Table I11 shows the  time i n t e r v a l s  between P1 and P2 i n  the  

oxidations recorded i n  Table 11. It can be seen t h a t  a t  500 pA 

curren t ,  the  time in t e rva l  t2-E,, is Ebnger f o r  e lectrode B than 

f o r  e lec t rode  A which has a l a rge r  surface area. This would be 

expected i f  the  oxide f m d  dWing th is  per$od-i& 

surface area only. Comparison 6f these times f o r  e lectrodes A 

and C shows a subs t an t i a l  decrease even though electrode C has 30% 

more area than e lec t rode  A. 

constant current  i s  not a function of area alone but a l s o  depends 

a function of 

Apparently the  time of oxidation a t  

upon the  pore s i z e .  

Electrode C has g rea t e r  surface 

i n  area r e s u l t s  from a l a rge r  number 

The pores are smaller ( ins ide  pores,  

area than has  A and t h i s  increase 

of smaller w i r e s  being used. 

2 2 0.99 nrm compared with 2.04 min 

f o r  e lec t rode  A) and t h i s  smaller s i z e  has  two r e s u l t s  which can 

possibly a f f e c t  the  charge acceptance: ( a )  changes i n  the e l ec t ro -  

l y t e  flow cha rac t e r i s t i c s ;  and (b)  changes i n  the  e l e c t r o l y t e  

r e s i s t ance  i n  the individual  pore. The changes i n  flow charac- 

teristics w i l l  be eliminated by the  use of a s t a t i c  e l e c t r o l y t e  

system ( the flowing system was i n i t i a l l y  chosen t o  e l iminate  problem3 
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of e l e c t r o l y t e  depletion’in ve y s ~ l l  pores).  

with such a s t a t i c  system should demonstrate t h e  e f f e c t  of e l ec t ro -  

l y t e  r e s i s t ance  upon charge acceptance. 

Experiments made 

When a cleaned e lec t rode  is  f i r s t  cycled through oxidation and 

reduction it loses  i t s  metallic sheen and acquires a l i g h t  grey 

d u l l  f i n i s h  t h a t  deepens t o  a medium grey with more cycling. 

d u l l  grey is  thought t o  be f i n e l y  divided silver, deposited during 

reduction. The presence of f i n e l y  divided silver on the  e lec t rode  

would increase the  sur face  area, and the  da t a  i n  Table N demon- 

strate t h a t  t h i s  is the  process occurring. The las t  three  oxidations 

ind ica t e  t h a t  a constant maximum surface area is  obtained, and t h i s  

is subs tan t ia ted  by the  s t a b i l i z a t i o n  of the  e l ec t rode  co lor  a t  

The 

medium grey. 

An i n t e r e s t i n g  phenomenon was observed a t  P i n  t he  oxidation 2 

of e lec t rode  C, and is  i l l u s t r a t e d  i n  Figure 5 .  

constant f o r  a period of t i m e ,  rose  sharply t o  a new po ten t i a l  

(AV 0.01 v o l t ) ,  remained constant f o r  a period of t i m e ,  and rose  

again giving the  curve a s t ep - l ike  shape. 

d i sce rn ib l e  a t  1600 pA, more pronounced a t  1100 @, less d e f i n i t e  

bu t  more numerous a t  500 @, and undetectable a t  250 PA. 

The vol tage  remained 

The s t e p s  are j u s t  

As shown above, each e l ec t rode  has three  pores of d i f f e r e n t  

shape and size. 

show p r e f e r e n t i a l  oxide growth i n  any one when compared t o  the  

o ther  two. 

Both v i s u a l  and microscopic examination f a i l e d  t o  

Future work on these model pore e l ec t rodes  w i l l  include exper- 

I ,  

7 :  
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iments with the electrolyte held in a static condition during the 

oxidation and a detailed examination of electrolyte resistance as 

a function of pore size. 
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SECTION I1 

CHARGE ACCEPTANCE OF SILVER ELECTRODES 

Introduction 

In our approach to the determination of suitable methods for 

the estimation of the effective electrolytic surface area of silver 

electrodes we have used both constant current and potentiostatic 

oxidations of these electrodes. The need for a more detailed 

examination of the initial stages of oxidation under potentiostatic 

conditions is evident from the very rapid rise of current when a 

specific finite potential is imposed on an electrode. The mechanical 

response of the recorders we have been using is hadequate to 

record correctly the resultant current flow. Our initial efforts to 

examine this aspect of charge acceptance with an oscilloscope are 

reported here. The oscilloscope has a persistence feature which 

permits adequate visual observation of the initial current response 

in these potentiostatic oxidations. 

An.. interesting feature of oxidations of silver electrodes under 

potentiostatic conditions is the apparent large dependence of charge 

acceptance upon the controlled potential. 

versus potential showed two distinct maxima;2 one possible explan- 

The plot of charge acceptance 

ation of this is found in the observation of the formation of an 

initial basal layer of oxide.3 If the characteristics of this basal 

layer are a function of the potential at which it is formed, then 

the extent of further oxidation at a constant potential could be 

significantly changed by ch’8nged values of that potentfal. 

bXlftp alawauggeste the nwcl ,go .exWLne c1bee.f.y” the- init.ial sfages of the 

ThiS’#mssi- 
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oxidation of silver under p o t e n t i o s t a t i c  conditions.  

Experimental 

I n  Figure 6 is shown t h e  cel l  design f o r  oxidation under poten- 

t i o s t a t i c  Conditions and Figure 7 shows t h e  c i r c u i t  diagram. The 

e l e c t r o l y t e  used was  0.1008 F KOH, and was  replaced with new e l ec t ro -  

l y t e  -atr’the beginning of each day’s experimental work. The reference  

e l ec t rode  was  mercury-mercuric oxide. 

platinum f o i l  4.7 cm i n  diameter and 2.5 cm high served as the  counter 

e lec t rode .  

t o m  of t h e  ce l l  chamber. 

t he  top of t he  counter e lec t rode .  

thermostatted a t  20.0 f 0.loC during a l l  experiments. 

A cy l inder  of 0.003 inch th i ck  

The bottom edge of t h i s  cy l inder  reached j u s t  t o  t h e  bot- 

I n  no case d id  the  e l e c t r o l y t e  level reach 

The cell  and e l e c t r o l y t e  w e r e  

The e lec t rodes  were prepared from 0.010 inch silver w i r e  which 

was scoured with an abras ive  c leanser  and r insed  thoroughly wi th  

d i s t i l l e d  water j u s t  p r i o r  t o  use.  

t he  cel l ,  concentric with the  platinum counter e lec t rode ,  and with 

The e l ec t rode  was  then placed i n  

i ts  lower end j u s t  a t  the  bottom of the  cel l  chamber. 

was  used f o r  a s i n g l e  oxidation and then replaced with a new elec- 

trode. 

form eur ren t  d i s t r i b u t i o n .  

An e lec t rode  

The cell  and e lec t rode  placement were  designed t o  give uni- 

The length of  t h e  e lec t rode  which was oxidized w a s  cont ro l led  by 

the  depth of t he  e l e c t r o l y t e  and was  measured wi th  a ve rn ie r  c a l i p e r  

a f t e r  t he  e lec t rode  had been removed. I n  the  case of oxidations a t  

the  lowest p o t e n t i a l s  the  oxide l aye r  was  so thin.:and d i f f i c u l t  t o  
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ascilloscope 

Fig.  7. - - .  Schematic diagram of c e l l ,  potentiostat, and oscilloscope. 
A i s  the anode, i’3 i s  the reference electrode, and C i s  the 
counter electrode. 
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see t h a t  measurements o f ' i t s  length were uncertain;  therefore ,  a f t e r  ex- 

periments a t  such p o t e n t i a l  va lues  an increased po ten t i a l  was  imposed 

upon the  e lec t rode  p a i r  f o r  a few seconds i n  order t o  make an e a s i l y  

measureable oxide coating. 

A l l  ex te rna l  wiring i n  the  c i r c u i t r y  was  shielded t o  prevent 60 Hz 

in te r fe rence .  

sented i n  Figure 7, bu t  t h i s  w a s  replaced by a mercury switch because 

the  cur ren t  traces showed evidence of point-bounce i n  the  switch. 

change t o  the  mercury switch removed t h i s  d i f f i c u l t y .  

I n i t i a l l y  a toggle switch w a s  used i n  the  c i r c u i t  repre- 

The 

RESULTS DISCUSSION 

A typ ica l  trace on the  CRT of t he  osc i l loscope  i s  shown i n  Figure 

8. n e  applied p o t e n t i a l  i n  t h i s  determination is 0.3500 v o l t s .  

Within 0.20 millisecond 

va lue  of 75 milliamps/cm . 
2.0 milliseconds.  

conditions but with a s t r i p  cha r t  recorder as previously observed w a s  

never more than four  milliamps/cm . 

t he  cur ren t  dens i ty  has  increased t o  a peak 

2 A decrease t o  h a l f  t h i s  value occurs wi th in  

The peak va lue  of cur ren t  dens i ty  under similar 

4 

2 

Data from 139 experimental runs a t  f i v e  fixed p o t e n t i a l s  are 

shown i n  Table V and are p lo t t ed  i n  Figure 9. 

devia t ion  i n  the  maximum cur ren t  dens i ty  a t  a given po ten t i a l  

ranges from 13.3 ma/cot-i a t  0.300 v o l t  vs Hg-HgO t o  27.0 ma/cm 

8.400 v o l t  vs Hg-HgO. 

do show an approximately l i n e a r  charac te r  through the range of 

p o t e n t i a l s  cdvered. 

The standard 

2 2 at  

While the  r ep roduc ib i l i t y  is  poor, t he  d a t a  

There i s  no ewidence of t h e  two maxima which 
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Fig. 8.--  A typical trace of peak current density as seen 
on oscilloscope. The anode potential i s  0.3500 
volt versus Hg/HgO reference electrode. 



22 

TABLE V 

I n i t i a l  Peak Values of Current Density of S i lver  Wire Electrodes 

Subjected t o  Fixed Controlled Poten t ia l  

Peak Values of 
Current Density 2 Po t e n t  i a l  

Volts ma/cm 

0.3000 2 0.0017 64.1 

0.3500 2 0.0011 77.1 

0.4000 ,+ 0.0014 99.8 

0.4750 2 0.0004 121.1 

0.5500 5 0.0012 130.0 

Number 
of 

Runs 

1 7  

18 

64 

13 

27 

Standard 
Deviat * on 
' ma/cm % S.D. 2 

13.3 20.7 

15.5 20.1 

27.0 27.0 

18.2 15 

23.5 16.1 
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were observed i n  the  p l o t  of charge acceptance versus  the  cont ro l led  

po ten t i a l . 2  

0.55 v o l t  vs Hg-HgO because t h i s  i s  the range of po ten t i a l s  i n  which 

oxidation to  Ag 0 occurs. 

t he  t i m e  the  i n i t i a l  cur ren t  flow reaches i t s  peak value show 

va lues  ranging from 8.4 x 10-l' faradaylcm 

10-l' faraday/cm a t  0.55 v o l t .  

charge per 20 and 10 square anstroms of sur face  respec t ive ly .  

Measurements were made through the  range 0.30 v o l t  t o  

Calculations of the charge accepted by 2 

2 a t  0.30 v o l t  t o  17 x 

This corresponds t o  one u n i t  of 2 

2 
Based on a va lue  of 300 pfd/cm f o r  t he  double layer  capacitgnce 

of a silver e l ec t rodeY5  the  charge accepted i n  charging the 

double l aye r  i s  9.4 x lom1' faraday/cm . 
u n i t  of charge per 18 square angstroms of surface.  

2 This corresponds t o  one 

A comparison of these ca l cu la t ions  suggests t h a t  the  cur ren t  

flow u n t i l  t he  peak va lue  is reached could be accounted f o r  by 

charging of t he  double l aye r .  

3 The discussion of Fleischmann,Lax, and Thirsk on the  charge 

acceptance of silver e lec t rodes  includes the  pos tu la t ion  of a 

basa l  l aye r  of argentous oxide which cuvers the  surface and which 

influences f u r t h e r  deposit ion of argentous oxide and st i l l  later 

a rgen t i c  oxide. 

Our i n t e r e s t  i n  t h e  i n i t i a l  peak va lues  of cur ren t  dens i ty  

was  based on the  supposition t h a t  these peak va lues  would be 

r e l a t e d  t o  the  c h a r a c t e r i s t i c s  of t he  basiil l a y e r .  I f ,  however, 

t he  i n i t i a l  peak va lues  r e s u l t  only from the  charging of the  double 

l aye r ,  which occurs i n  less than one mill isecond, oxidation Over 
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a longer time span, €.e. 1-1000 mil l iseconds,  should be examined f o r  

poss ib le  r e l a t ionsh ips  of charge acceptance t o  c h a r a c t e r i s t i c s  of 

the basa l  layer .  

next quar te r .  

Such experiments w i l l  be performed during the  

Also, i f  t he  i n i t i a l  peak va lues  of cur ren t  dens i ty  r e s u l t  only 

from charging of t he  double l aye r ,  we should observe similar peak 

values  a t  p o t e n t i a l s  less than 0.30 v o l t .  These experiments w i l l  

be performed a l s o .  
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